Source Parameter Study Based on the April 18, 2008 (5.4 Mw) Mt. Carmel, Illinois Earthquake Sequence by Ayele, Solomon Taddese
University of Memphis 
University of Memphis Digital Commons 
Electronic Theses and Dissertations 
12-1-2010 
Source Parameter Study Based on the April 18, 2008 (5.4 Mw) Mt. 
Carmel, Illinois Earthquake Sequence 
Solomon Taddese Ayele 
Follow this and additional works at: https://digitalcommons.memphis.edu/etd 
Recommended Citation 
Ayele, Solomon Taddese, "Source Parameter Study Based on the April 18, 2008 (5.4 Mw) Mt. Carmel, 
Illinois Earthquake Sequence" (2010). Electronic Theses and Dissertations. 114. 
https://digitalcommons.memphis.edu/etd/114 
This Thesis is brought to you for free and open access by University of Memphis Digital Commons. It has been 
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of 
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu. 
To the University Council:  
 The Thesis Committee for Solomon Taddese Ayele certifies that this is the 
final approved version of the following electronic thesis: “Source Parameter 
Study Based on the April 18, 2008 (5.4 Mw) Mt. Carmel, Illinois Earthquake 
Sequence” 
   
 
             _________________________ 
           Stephen P. Horton, Ph.D.  
           Major Professor 
 




Christine A. Powell, Ph.D. 
 
_________________________________ 
Heather R. DeShon, Ph.D. 
 
            Accepted for the Graduate Council:  
        
     ____________________________ 
           Karen D. Weddle-West, Ph.D.  




SOURCE PARAMETER STUDY BASED ON THE APRIL 18, 2008 (MW 5.4) Mt. 















Submitted in Partial Fulfillment of the  
Requirements for the Degree of 
 



















I would like to express my deep gratitude to my advisor Dr. Steve Horton for 
his patience, enthusiasm, inspiration and his great effort to explain things. He 
made available his support and time for research and writing of this thesis. I 
would have been lost without him. Beside to my advisor, I would like to thank my 
committee: Dr. Christine Powell and Dr. Heather DeShon for their great support.  
Also, I would like to thank my fellow students at CERI who helped me during 
my research and writing; Mr. Shishay Bisrat, Dr. Jerome Kutliroff, Mr. Biniam 
Asmerom, Mr. Mehari Ayele and others. I am grateful to the faculty and staff of 
CERI, especially Mrs. Carol Bowker, for her help and support. 
I am deeply and forever indebted to my parents for their love, support and 
encouragement throughout my entire life. For my mother Mrs. Abebech Seyoum,  
my father Mr. Taddese Ayele, who raised me with love. For the presence and 
support of my brother, Mr. German T. Ayele, here at Memphis. I am also very 
grateful to my brothers, Mr. Abebaw Taddese and Mr. Addisu Taddese. I would 
like to thank my sister-in-law, Mrs. Tigist Haile, and my brother friends Dr. 
Wudneh Temesgen, Mr. Alemayehu Degefu and Mr. Asfaw getaw. Lastly but not 
the least; I gratefully acknowledge my Brother-in-law, Dr. Aregahegn Negatu, 
who opened the door for me, and his wife, Mrs. Friehiwot Negatu, and their 






Ayele, Solomon Taddese. M.S. The University of Memphis. December 2010. 
Source Parameter Study Based on the April 18, 2008 (Mw 5.4) Mt. Carmel, 
Illinois Earthquake sequence. Major Professor: Steve Horton. Ph.D. 
 
The April 18, 2008 (5.4 Mw) Mt. Carmel, Illinois earthquake is the largest event in 
the central United States in the previous 40 years. Approximately 180 
aftershocks (0.8 to 4.6) were located using a combination of regional network 
stations and temporary broadband seismometers deployed in the epicentral area 
by the University of Memphis and Indiana University. To help constrain 
earthquake source mechanisms, the orientation of faults and the tectonic 
processes of the area, moment tensor inversion of these aftershocks is 
performed. I have tested a moment tensor inversion technique using synthetic 
data in the presence of realistic noise levels and determined that source 
parameters for aftershocks with Mw<2.1 cannot be resolved. The method was 
applied to the observed data, yielding nineteen-earthquake moment tensor 
estimates for events between 5.4 Mw to 2.3 Mw. Fault orientations are 
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The seismic moment tensor Mij describes a variety of seismic source models 
using a body-force equivalent comprised of pairs of forces (couples, vector 
dipoles) (Aki and Richards, 2002). It is a second-order tensor that quantifies the 
strength and orientation of a seismic source (Aki and Richards, 2002).  
Earthquakes are shear sources represented by double couples and for small 
events often assumed to be a point source. Using observed seismograms in a 
moment tensor inversion results in estimates of the seismic source parameters. 
These parameters can provide insight into seismic and tectonic processes.  
There are various techniques to determine the moment tensor elements. 
Linear moment tensor inversion can be designed in both the time and frequency 
domain. In addition, moment tensor inversion can be calculated by using body 
wave data, surface waves, or full waveforms.  For example, Langston (1981), 
Stump and Johnson (1977), Dziewonski et al. (1981), Fitch et al. (1980) and 
others used low-frequency body wave data for moment tensor analysis. Thio and 
Kanamori (1995) used regional long period (10-50 sec) surface waves of 
earthquakes with Mw ≥ 3.7 recorded at TERRAscope stations for moment tensor 
inversion. Gilbert and Dziewonski et al. (1975) produced the moment tensor from 
free oscillations of the earth. Liu Z. (1997) used full waveforms to study 
earthquake mechanisms (mlg =1.5-4.6) in the New Madrid Seismic Zone 
(NMSZ).  I use time domain moment tensor inversion of complete waveforms 
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using the p-phase of vertical component and the s-phase of horizontal 
components of seismograms for the Mt. Carmel earthquake sequence.  
Several institutions use different methods to perform moment tensor 
inversion, and their moment tensor solutions are easily obtained on the Internet. 
For example, the US National Earthquake Information Center (NEIC) 
collaborates with the IRIS Data Management Center to produce a rapid estimate 
of the seismic moment tensor for earthquakes having magnitude above 5.5. 
Harvard Centroid Moment Tensor (CMT) solutions based on Dziewonski et al., 
(1983) have been routinely calculated to reliably characterize global seismicity. 
They model teleseismic waveforms generated by moderate-to-large events. The 
European-Mediterranean Seismological Centre  (EMSC) determines the event 
fault plane solution of earthquakes with magnitudes above 5.5 using p- and s- 
wave amplitude polarities. The department of Earth and Atmospheric Sciences of 
Saint Louis University provides focal mechanisms and other earthquake source 
solutions of most large earthquakes in the world and moderate earthquakes in 
the united stated. 
 Following the April 18, 2008, Mt. Carmel, Illinois, earthquakes, many studies 
have been conducted to characterize the main shock, to locate aftershocks and 
to determine fault orientations. Horton et al. (2008) obtained a similar focal 
mechanism and determines the main shock rupture. Herrmann et al. (2008) 
computed the moment tensor solutions for events above 3.5 Mw magnitude 
using broadband waveforms. They used a direct inversion of broadband 
waveforms and a fit to the surface-wave spectral amplitude radiation pattern. 
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Horton et al. (2008) report that 174 well-recorded aftershocks define a nearly 
vertical fault with depth from 12 to 18 km. the fault strikes approximately parallel 
to a nodal plane (strike 297, dip 88, and rake 12) of the main shock focal 
mechanism. They suggest this indicates the main-shock ruptured a vertical 
approximately east-west trending fault even though the Wabash Valley Fault 
System, an network of north-northeast trending normal faults, is the dominant 
structural pattern in the area.  Yang et al. (2009) said that the fault orientation of 
the main shock is a vertical left-lateral strike-slip fault in the WNE-ESE direction 
(strike 292+/-11, dip 81+/7) based on aftershock locations. 
 An earthquake seismogram has both propagation and source effects (Aki 
and Richards, 2002). This study isolates the propagation effect and examines 
source parameters by inverting for the deviatoric moment tensor using the p- and 
s- phases recorded at local-to-regional distances. The availability of modern 
digital instruments near the earthquake source permits improved location and 
rapid determination of moment tensor solutions for several aftershocks. The 
hypoellipse earthquake locations provide the necessary parameters for the 
computation of the moment tensor inversion (Horton et al., 2008).   
Moment tensor inversion has been routinely performed for several years 
for larger-to-moderate earthquakes. However for small earthquakes, moment 
tensor inversion is sensitive to the signal to noise ratio. To understand the effect 
of earthquake magnitude and station distance on the signal to noise ratio, a 
simple amplitude versus frequency spectrum is computed. Figure 1.1 shows 
recorded signals and average noise spectra for five different earthquake 
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magnitudes (1.9, 2.7, 3.4, 4.6, 5.2) at station WVIL (8.3 km from the epicenter), 
Mt. Carmel, IL. As the figure shows, large magnitude earthquakes have a better 
signal to noise ratio than small magnitudes. The figure also helps to determine 
the frequency ranges for the filtering process. For example, the lower magnitude 
event (1.9) has a good signal-to-noise ratio in the bandwidth of 6 Hz and 16 Hz. 
For the maximum magnitude event (5.2) the signal-to-noise ratio is large for at 






















Figure 1.1 Amplitude Vs frequency spectra of five earthquakes at station WVIL, Mt. Carmel, IL. 
The black spectrum is the average noise for the colored signal spectra. The Numbers on the 




  Figure 1.2 shows the signal-to-noise ratio of four different (5.2, 4.6,3.0,1.9) 
earthquake magnitudes at two stations (WVIL -8.3 km and HAIL-92.1 km from 
the epicenter). It shows that the epicentral distance affects the signal-to-noise 
ratio. The signal-to- noise ratio diminishes with distance from the earthquake. In 
general station WVIL (8.3 km from the epicenter) has a better signal-to-noise 


















Figure 1.2. FFT of four-earthquakes with their average noise spectra (black) at stations WVIL and 




I investigate the range of earthquake magnitudes for which moment tensor 
can be reliably determined. I use synthetic data in the presence of observed 
noise to decide what range can be potentially determined. Then I apply the 
technique to the observed Mt. Carmel earthquake data. The following chapters 
discuss the regional geology of the area, data and methodology of the study, the 
























Study Area  
2.1 Geologic History  
The regional basement in the study area is 1.2 billion year old or older 
Precambrian granites and rhyolites (McGinnis et al., 1976; Bickford et al., 1986). 
Gravity studies in Illinois have shown that there is a major difference in gravity 
intensity between the northern and southern part of Illinois that corresponds to 
variation in density of the underlying crust and mantle (McGinnis et al., 1976).  
Paleozoic sediments that range from 2,000 to 15,000 km in thickness 
unconformably overlie the basement rocks.  
The major geologic feature in the area is the Illinois basin. It is surrounded 
by major structures; the Wisconsin Arch on the north, the Mississippi River Arch 
on the northwest, the Ozark dome on the southwest, the Pascola Arch on the 
south, the Cincinnati Arch on the east, and the Kankakee Arch on the northeast. 
The evolution of the Illinois basin is closely related to the formation and break-up 
of supercontinents. The New Madrid rift system, that contains the Reelfoot Rift 
and Rough Creek Graben, formed during the break-up of a supercontinent 
(Rodinia) during Late Precambrian to Early Cambrian time. The rifting gave rise 
to normal block faulting, and it was followed by rapid subsidence that formed the 
Proto-Illinois basin (Kolata and Nelson, 1991). The Proto-Illinois had extensive 
area coverage reaching east-central Arkansas to the south. Kolata and Nelson 
(1991) suggested that the tectonic subsidence was caused by excess mass 
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(mafic pillow) beneath the rift.  Subsidence analysis studies show that the initial 
mechanical subsidence was followed by thermal subsidence that lasted from 510 
Ma to 360 Ma (Heidlauf, 1986; Klein et al, 1987).  
A global sea level rise resulted in a transgression episode that flooded the 
mid continent  the Late Cambrian-Early Permian. This resulted in an extensive 
deposition of Mount Simon, Lamotte, and Reagan Sandstones in the subsiding 
Proto-Illinois basin (Kolata and Nelson, 1997). The rapid (~85m/my) late 
Cambrian through Middle Ordovician subsidence became slower (~15m/my) from 
Middle-Ordovician to Mid-Mississippian (Kolata and Nelson, 1997). The stress 
regime changed to compression from Late Mississippian through Early Permian.  
The compression associated with the collision of Africa with North America 
(Alleghenian and Ouachita orogenies), which culminated in the closure of the 
Iapetus Ocean and formation of the supercontinent Pangea during the Late 
Mississippian, deformed the proto-Illinois basin reactivating the faults of the rift 
system (Kolata and Nelson, 1997; Wheeler, 1997). The originally listric normal 
fault, the Rough Creek-Shawneetown Fault System, reversed its sense of 
movement and thrust folds were developed to its west (Nelson and Lumm, 1987; 
Kolata and Nelson, 1997; McBride, 1997). Subsidence continued at about 35 
m/my as sediment wedges formed from clastics of the mountains forming in the 
east and south. Igneous intrusions that pervaded tension fractures were mapped 
in the Tolu Arch, the intersection of Reelfoot Rift and Rough-Creek Grabens, 
Hicks Dome, and Cottage Grove fault system (Kolata and Nelson, 1997). 
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Extensional reactivation of the rift faults took place during the break-up of 
Pangea during late Triassic to early Jurassic time. The extension resulted in 
northeast-trending normal faults in the Fluorspar Area Fault Complex and 
Wabash Valley Fault system. These are the major structural features in the Mt. 
Carmel area. 
The Pascola Arch, a structural high of Post-Pennsylvanian-pre-Late 
Cretaceous, closed the proto-Illinois basin forming the present day well-
developed interior cratonic basin. The uplift resulted in an erosion of 2,400 m – 
4,000 m of Paleozoic strata (Marcher and Stearns, 1962). The intense erosion 
explains the time gap (hiatus) of the 900 m Late Cretaceous and early Tertiary 
siliciclastics that unconformably overlie the Cambrian strata (Kolata and Nelson, 
1997). The truncation of the Pascola Arch, down warping of Paleozoic rocks 
within the rift and seawater flooding by the end of the Cretaceous produced 
sands, silt and clay deposits in the Mississippi Embayment of the Gulf Coastal 
Plain. Transgressive-Regressive cycles continued through middle Eocene 
forming thick marine and non-marine sedimentary sequences. Fluvial gravels 
covered the Embayment during Pliocene/ early Pleistocene time. The 
contemporary stress regime is northeast-southwest oriented maximum horizontal 
compression. This is the result of the North American plate moving away from 





2.2 Folds and faults 
Many small to large-scale folds and faults crisscross the Illinois basin.  It is 
believed that the folds and faults result from distal deformation during 
Appalachian-Ouachita orogenies east and south of the basin. Most of the folds in 
the Illinois basin are approximately north trending (Nelson, 1995). The La Salle 
Anticline Belt (figure 2.1) is a NNW-SSE trending lineament dominated by 
asymmetrical anticlines and fold-accommodating reverse faults that displace the 
lower Paleozoic and basement reflectors reaching to depths of about 10 km 
(McBride, 1998). Four major faults in the area include the Sandwich fault zone, 
Cap au Gres Faulted Flexture, Rough Creek Lineament and St. Genevieve Fault 
with maximum vertical displacement of ~274 m, ~304 m, ~914 m and ~304 m 
respectively. Many of these structures affect the Precambrian basement and the 
overlying Paleozoic sediments. The St. Genevieve fault zone is a SW-dipping 
reverse fault that offsets Precambrian basement reflectors and may have 
controlled the asymmetric St. Genevieve fold (Nelson, 1995). Most of these 








   The Wabash Valley seismic zone (WVSZ) (figure 2.1) is an elliptical 
shaped, 200 km by 100 km seismic area in the center of the Illinois basin 
(southeastern Illinois, southwestern Indiana and western Kentucky) that has 
produced strong earthquakes in the past. Sand blows and earthquake-induced 
liquefaction that provide evidence for big historical earthquakes in the area 
(Oberemeier et al., 1991; Oberemeier et al., 1992) have been discovered. 
Paleoearthquake studies ( Munson and others, 1997) indicated that at least eight 
prehistoric events occurred during the Holocene and the Pleistocene in Indiana 
and Illinois. The two largest earthquakes (6,100 +/- 200 yr BP, M 7.5- 7.8 and 
12,000 +/- 1,000 yr BP M 7.1-7.3) happened in the WVSZ. Also more than fifty 
slightly damaging earthquakes (M 3.5 to 5.5) have been documented since the 
early 19th century (Nuttli, 1979; Stover and Coffman, 1993). Epicenters of the 
light to moderate magnitude earthquakes that occurred since 1968 as well as the 
two largest historical earthquakes are shown in figure 1. The map also shows 
focal mechanisms of recent earthquakes. The Wabash Valley Fault System 
(WVFS) is the dominant feature in the seismic area and consists of NE and NNE 
trending high-angle late-Paleozoic normal faults that bound horsts and grabens 
(Nelson, 1995). The WVFS faults are well mapped owing to thousands of 
petroleum test wells in the Wabash Valley (Ault and Sullivan, 1982). The study 
area (Mt. Carmel) is part of the WVSZ. The Mt. Carmel earthquake occurred in 














The seismogenesis of the WVSZ is not well understood due to relatively 
infrequent seismicity and poor station coverage ( Nuttli, 1979; Langer and 
Bollinger, 1991; Kim, 2003). Comparison with the New Madrid Seismic Zone 
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(NMSZ), source of the largest earthquakes in central and east US can give some 
clue to the cause and relationship of seismicity in both areas. The WVSZ and 
NMSZ are separated by the relatively aseismic Rough Creek graben in western 
Kentucky (Wheeler, 1997). 
The seismicity pattern of the interior of the United States shows that the 
distinct seismicity trends of the NMSZ transitions to a diffuse epicenter 
distribution in southern Illinois. The NMSZ is known for infrequent large 
earthquakes while the Illinois basin has more frequent, deep, moderate-size 
earthquakes in recent times. McBride (1998) argues that a strike slip structural 
model can explain this, where the structures that cause the NMSZ continue 
northward by branching into many faults. Late Cenozoic NE-striking dextral and 
NW-striking sinistral strike-slip faulting supports this hypothesis. Focal 
mechanism solutions for the area indicate a NNE-trending dextral strike-slip fault 
and reverse faults (Taylor et al., 1989).  Braile et al. (1982a) and Sexton et al. 
(1996) have also suggested that the WVFS is a reactivation of a northeastern 
extension of the Precambrian Reelfoot rift. Nelson (1991) and Bear et al (1997) 
have rejected this hypothesis, pointing out the absence of grabens in deep 
reflection lines (The Consortium for Continental Reflection Profiling-COCORP 
seismic lines) in the Wabash Valley, and the disappearance of the WVFS and 






Data and Methodology 
3.1 Data 
For the Mt. Carmel aftershocks CERI and Indiana University deployed 
temporary broadband seismometers covering an epicenter distance between 2.5 
and 20 km (figure 3.2). Several local permanent stations (~30 km to ~385 km) 
also recorded the aftershocks (figure 3.1). Overall, a combination of regional 
network stations and temporary broadband seismometers in the epicentral area 
recorded about 180 aftershocks with earthquake magnitude ranging from 0.8 to 
4.6. Most of the earthquake magnitudes are duration magnitude calculated by 
CERI. Among the 180 earthquake magnitudes, only five ranging from 5.2 to 3.5 
are moment magnitudes calculated by St. Louis University.  
In this study moment tensor inversion is calculated using three types of 
seismometers: permanent broadband stations, operated by St. Louis University; 
temporary broadband stations deployed by Indiana University and CERI; and 
some permanent strong motion seismometers of local networks. Noise is a 
common issue with the recorded seismograms. Strong motion recordings of 
small events tend to be noisy, so that strong motion seismograms are best for 
large events. Broadband sensors are useful for small signals, but become 
clipped when signals are too large. In this study broadband seismometers are 
used most often.  
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The study focuses on the stations available close to epicenter with good 
signal to noise ratios. Typically, I used stations that were also used for the 
earthquake location. The selected stations contain good signal-to-noise ratios, 
even for small earthquake in certain narrow frequency bands. For example, for 
small earthquakes, it is possible to use P- and S-wave signals in the frequency 
band 0.9 Hz to 1.0 Hz. Additionally, the stations were deployed to provide good 
azimuthal coverage.  
The New Madrid earthquake catalog provides duration magnitude for Mt. 
Carmel earthquake. I used these magnitudes as a reference. Nineteen of the Mt. 
Carmel events are involved in this study. Among those events there are eight 
earthquakes above magnitude 3.0 including the main shock. The remaining 
twelve events are between magnitude 2.3 and 3.0. Permanent broadband 
stations have good signal for all 19 events. Temporary broadband stations 
recorded 10 of the 19 events.  Strong motion seismograms are only used for 
three large earthquakes because strong motion records are noisy for small 
earthquakes.  
I used earthquake information and parameters from the earthquakes 
locations. In addition to earthquake location parameters, the velocity model 
applied to this study is another essential input for moment tensor inversion. The 
model used is obtained from Charles J. Ammon, which comes along with the 
package of moment tensor inversion computer codes (Ammon, 2001). The 
velocity model shown in appendix I is a five-layered stratified earth model. Figure 
3.1 shows the map of permanent stations used in this study. Figure 3.2 shows 
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temporary broadband stations that were deployed by CERI and Indiana 
University. This map also contains the location of aftershocks and the nineteen 
earthquakes used for this study. All stations shown on the two maps are the 
same as the stations used for earthquake locations. 
 






























Figure 3.1 Location map of permanent seismic stations. Purple triangles are permanent 
broadband stations. Cyan triangles are permanent strong motion stations. Yellow star indicates 





Figure 3.2. Location map of temporary seismic stations. Blue triangles represent temporary 
broadband stations deployed by CERI. Orange triangles represent temporary broadband stations 
deployed by Indiana University. Yellow star indicates the Mt. Carmel April 18, 2008 main shock. 
The gray circles are the aftershock locations and the red circles are the locations of earthquakes 









  Following Jost and Herrmann (1989), the displacement function d on the 
Earth surface at arbitrary station s can be expressed as a linear combination of 
time-dependent moment tensor elements Mkj (X, t) convolved with the 
corresponding Green’s functions Gsk, j (x, X, t): 
ds(x, t) = Mkj (X, t) *Gsk, j (x, X, t) 
The source of an observed wave can be considered as a point source if both 
the distance between the station and the source, as well as the wavelengths of 
the observed waves are much greater than the linear source dimension. 
Assuming a point source and that S (t) is the same for each element of Mkj (X, t), 
where S (t) describes the time dependence of moment released at the source, 













The term Gsk, j   describes nine generalized couples. The deviatoric Green's 
function components with respect to the source coordinate X j are equivalent to a 
single couple with its lever arm pointing in the x j direction (Aki and Richards, 
2002).  If k=j and the force is in the same direction as the arm, the generalized 
couples are vector dipoles. In general the moment tensor M has six independent 
components. For a double couple source, the Cartesian components of the 
moment tensor can be expressed in terms of strike Φ, dip δ and slip λ of the 
shear dislocation source (fault plane), and the scalar seismic moment Mo 
(Langston, 1981; Jost and Herrmann, 1989; Aki and Richards, 2002). 
The relation can be written in matrix form as: 
        d= G m                  (2) 
In the time domain, d is a vector containing n sampled values of observed 
ground motion at various arrival times, stations and azimuths. G is a 6 X n matrix 
containing the Green’s functions calculated using a computer algorithm and earth 
model. The vector m contains the 6 independent moment tensor elements to be 









3.3 Procedure and Processing Steps 
To check the method and investigate how to use low earthquake 
magnitudes, synthetic seismograms are produced and used for moment tensor 
inversion. I tested synthetic data in the presence of realistic noise levels. I 
assumed a focal mechanism and magnitude and then produced synthetic 
seismograms having the same station distribution as a typical aftershock. I then 
obtained simulated seismograms by adding real noise from each real station to 
the synthetics. I use the synthetic data as input seismograms to the moment 
tensor inversion. The Kanamori and Anderson (1977) moment equation is used 
to compute the seismic moment mo for the corresponding earthquake magnitude 
mw. It is denoted by log mo =1.5 mw + 16.5.  
The first step is calculation of synthetic Green's functions using the earth 
model, location of the source and receiver position (station location). A variety of 
methods exist to calculate synthetic seismograms (e.g., Kennett, 1988). For this 
study the propagator matrix method of Kennett (1988) and the computer codes 
developed by Chuck Ammon and George Randall are used Ammon (2001). 
Subsequently, I perform moment tensor inversion using the synthetic 
seismogram to find out the lowest earthquake magnitude for reliable inversion, 
and also learn from the technique.   
The second step is preprocessing the real data. This step includes 
choosing good signal-to-noise ratio data that optimizes coverage of the focal 
sphere (Satake, 1985). Also measurement of the signal-to-noise ratio as a 
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function of frequency helps to obtain information about the frequency range of 
interest. The following actions are also involved in this step: select unclipped 
signals, rotating the east-west and north-south components into transverse and 
radial components, and identifying and removing the linear trends and mean 
value. The seismograms are corrected for instrument response, converted to 
velocity, and a low-pass filter is applied to remove high-frequency noise.  
The third step is performing proper inversion. The main procedure in this 
step is calculating the moment tensor elements (m in equation (2)) using the 
inversion method. Randall et al. (1995) suggested a method for full moment 
tensor. In addition, Ammon et al. (1990) formulated the solution for the inversion 
as a least square problem; the best solution is obtained by minimizing an L2-
norm of the misfit between observed and predicted seismograms. In this study 
the Randall’s reflection-matrix code to compute the synthetic seismograms for 
individual moment-tensor elements and the Ammon’s L2-norm residual misfit 












4.1 Synthetic Seismogram 
 In this section synthetic seismograms are used to determine the range of 
earthquake magnitudes for which moment tensor inversion produces reliable 
results. The synthetic seismograms are created for a known source mechanism. 
The fault orientation of strike ~2980, dip ~850, and rake ~90 is assumed. This is 
similar to the focal mechanisms determined by Herrmann et al. (2008) , Horton et 
al. (2008) and Yang et al. (2009) of the Mt. Carmel main shock fault orientation.  
 Table 1 shows the input parameters as well as the output parameters. 
When used in the inversion, the synthetic seismograms (for the assumed source 
parameters) yield the corresponding output parameters. The table shows that the 
output parameters of earthquakes above 2.0 Mw are very close to the input 
parameters. Similar moment magnitude, seismic moment and focal mechanisms 
are recovered for earthquake magnitudes from 5.2 Mw to 2.1 Mw, even though 
the L2-norm misfit increases from 5.2 Mw to 2.1Mw. The L2-norm misfit is the 
normalized residual misfit error. I used this misfit to help determine the lowest 
earthquake magnitude that has reasonable output parameters. In addition to the 
misfit, visual comparison between synthetic and predicted seismograms helps to 
determine the lowest useful earthquake magnitude. The misfit reaches a 





TABLE 1.  The input and output parameters of moment tensor inversion using 
synthetic seismogram 
 Input parameters                   |                         Output parameters  
No*   Moment    Seismic        Strike       Dip       Rake    Moment     Seismic       Misfit              Strike      Dip         Rake  
  (Mw)        (Mo)        (deg)        (deg)     (deg)   (Mw)        (Mo)                                 (deg)      (deg)      (deg) 
1. 5.2 7943      298     85  9     5.2         7940      2.73012E-06        207.21   81.04    -5.06  
                      298.00   85.00  188.99 
2. 4.6 1000      298     85  9     4.6         1000      1.71144E-04       207.21   81.03    -5.06   
                      298.00   85.00 188.00 
3. 3.1 5.6230      298     85  9     3.1         5.5000    1.79803E-02       207.26   83.24    -6.35   
                      298.01   83.70  186.80 
4. 2.7 1.4120      298     85  9     2.7         1.3800     0.214997        207.37   83.26    -6.17  
                      298.09   83.87  186.78 
5. 2.4 0.5012      298     85  9     2.4         0.4940     0.678320        207.62   83.31    -5.75   
                      298.30   84.29  186.73 
6. 2.1 0.1778       298     85  9     2.1         0.1780     0.939464        208.33   83.42    -4.58   
                      298.85   85.45  186.60 
7. 1.8 0.0631       298     85  9     1.8         0.0660     0.990083        300.34   88.55  186.37   
                      210.18   83.63    -1.45 
8. 1.5 0.0223       298     85  9     1.6         0.0270     0.997857        123.85   84.07  173.55 
                      214.52   83.58    5.97 
9. 1.0 0.0040       298     85  9     1.3         0.0115     0.999423        277.40   80.92  23.98  
                      133.38   66.34  170.08 
 
 Figure 4.1 shows the comparison between the synthetic and predicted 
seismograms of 2.1Mw and 1.8 Mw at the closest station OLIL. If we compare 
the 2.1 Mw and 1.8 Mw earthquakes, the phases (p- and s- wave) are better fit 
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for the 2.1 Mw than the 1.8 Mw. For earthquake magnitudes less than 2.1 Mw 
instead of fitting the seismogram phases, the inversion fits the noise because the 
noise has higher amplitude than the p- and s- phases. This gives the wrong focal 
mechanism and a large misfit. The level of noise determines the minimum 
reliable earthquake magnitude for moment tensor inversion. Without adding real 
noise there is no difficulty obtaining a good seismogram fit between the synthetic 
waveform and predicted waveform irrespective of the earthquake magnitude. 
This implies the level of noise added to the synthetic seismogram is critical. 
Moreover, even though 2.1 Mw has fair misfit error it gives right focal 
mechanism. A good phase alignment between seismogram and Green’s function 







Figure 4.1 The 2.1Mw and 1.8 Mw of predicted (red) overlay on synthetic (black) of velocity 
seismograms. The station name on top and the moment magnitude at the right side are indicated 








 Figure 4.2 shows waveforms for a synthetic 5.2 Mw earthquake. The figure 
indicates the added noise has small impact on the synthetic seismograms for 
large events for moment tensor inversion. The synthetic (black) and predicted 
(red) waveforms lay one on top of the other; they are almost perfectly matching. 
The numbers to the right of each trace are the misfits between the two 
waveforms. The effect of adding noise is insignificant on the 5.2 Mw earthquake 
magnitudes for regional distance up to ~385 km (at PLAL permanent broadband 



























Figure 4.2. Three components of synthetic (black) and predicted (red) of 5.2 Mw velocity 
seismograms plotted one on top of the other. The station name on top and the L2-norm residual 
misfit error number at the right side are indicated on each component. Its time length is 160 sec. 
 
 Figure 4.3 is a comparison of synthetic and predicted waveforms for a 2.1 
Mw earthquake. The 2.1 Mw is the lowest earthquake magnitude that is 
reasonably well-fit using synthetic seismograms. The focal mechanism is 
relatively similar to the input fault orientation. This similarity between fault 
orientations is due to a good p- and s- wave alignment even in the presence of a 














































































Figure 4.3 Three components of synthetic (black) and predicted (red) seismogram for a 2.1 Mw 
earthquake plotted one on top of the other. The station name on the top and the misfit number at 








 Synthetic seismograms without added noise yield the same source 
parameters. Noise is one of the reasons for not obtaining the right source 
parameter. Therefore, noise has to be filtered out to obtaining a significant 
moment tensor solution. If it is quiet during the recording of the seismograms, it is 
possible to perform moment tensor inversion for small earthquakes even below 
2.1Mw. Also close alignment between the phases (p- and s- wave) of synthetic 
seismogram and Green’s function is very important to produce a reliable result.  
4.2 Observed Seismogram  
 After all the necessary preparations are made on the observed 
seismogram, the moment tensor inversion is performed. In this study moment 
tensor solutions are obtained for 19 events using only permanent broadband 
stations, 10 events using temporarily deployed broadband stations and 3 events 
using only permanent strong motion stations. The reason that fewer events used 
temporary broadband stations than permanent broadband stations is because 
they recorded for fewer days. The reason strong motion has few solutions is they 
are noisy for small earthquakes because of the signal dynamic range. The 
location maps of the stations are indicated in figures 3.1 and 3.2. 
As indicated in section 4.1, the noise effect and the alignment of the p- 
and s- phases are important for moment tensor inversion.  The best frequency 
band for inversion was determined by trial and error for each event. This 
frequency is used for the filtering process. Any nonalignment between phases on 
the observed seismogram and the Green’s function is solved by plotting the 
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Green’s function and seismogram together and then identifying the time shift 
needed to align the Green’s function. The p- phases are aligned on the vertical 
components, and the s-phases are aligned on the transverse and radial 
components.  
Butterworth band pass filtering of the observed seismograms is one of the 
essential steps. The signal is often obscured in the noise level, especially for 
small earthquakes. The frequency band for large earthquakes is wider than that 
of small earthquakes. In this study, various frequency bands are used for the 
three types of recorded seismograms and ranges of earthquake magnitudes. For 
instance, for the 5.4 Mw main shock I used permanent broadband seismograms 
filtered at frequencies of 0.02 to 0.1 Hz. This frequency band is also used by 
Herrmann et al. (2008). For the 4.8 Mw earthquake a frequency band from 0.1 to 
0.5Hz is used. For smaller earthquakes with magnitudes between 4.8 Mw and 
2.5 Mw, the frequency band is 0.9 Hz to 1.0 Hz. With temporary broadband 
seismograms the frequency band between 0.5 Hz and 1.0 Hz is used for 
earthquakes ranging form 2.3 Mw to 3.6 Mw. Lower earthquake magnitude (2.3 
Mw) requires narrowing to 0.9 Hz to 1.0 Hz. It is hard to distinguishing signals 
below 2.3 Mw. This implies that it is impossible to perform moment tensor 
inversion below earthquake magnitudes of 2.3 Mw for this particular noise 
condition. For strong motion seismograms from earthquakes with magnitude 
below 3, it is difficult to find frequency bands with good signal to noise ratio. For 
the main shock the frequency 0.02 Hz to 1 .0 Hz is used. For smaller magnitudes 
down to 3 Mw, the frequency band becomes 0.5 Hz to 1.0 Hz. The Green’s 
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functions and the seismograms are both filtered with the same corner 
frequencies in each case.  
Below I show the observed and predicted waveforms and focal 
mechanism for the larger (5.4 Mw) and smaller (2.3 Mw) earthquakes in the 
study. The moment tensor solution for 2.3 Mw event is obtained using temporary 
broadband stations whereas the 5.4 Mw is from permanent broadband stations. 
Figure 4.4 and figure 4.5 below display the observed-predicted waveforms 
of 2.3 Mw magnitude earthquakes. In figure 4.4 the three components of each 
seismogram are plotted one on top of the other and in figure 4.5 they are offset. 
A good fit is found between observed and predicted p-waves on the vertical 
components and s-waves on the transverse components. Both phases are fit 
fairly well.  
Figure 4.6 shows the focal mechanism obtained from the moment tensor 
solutions and the focal mechanism calculated by FOCMEC for the 2.3 Mw 
earthquake (Horton et al., 2008). FOCMEC calculates a focal mechanism based 
on first motion polarities. It can also include SV and SH polarity and amplitude 
information. A grid search is performed to find all possible solutions with specified 
number of tolerable errors. Table 2 below compares the strike, dip and rake of 
the two results. The focal mechanism of the inversion and FOCMEC deviated by 
strike ~40˚/ ~6˚, rake  ~66˚ / ~19˚ and dip ~27˚ /~35˚. Both focal mechanisms 
show a strike-slip fault with the same sense of motion. Although the inversion 
result and the FOCMEC result differ, both results fit the first motion observations. 
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Indeed a wide range of solutions can fit the first motion data as shown. One of 
the FOCMEC solutions has strike 299.51˚, rake 65.41˚ and dip -4.63˚ and is 
more similar to the inversion result.  
 
TABLE 2.  The Focal mechanism of moment tensor inversion and FOCMEC for 
2.3 Mw 
                       Moment Tensor Inversion                 FOCMEC 
 Strike  rake  dip     strike     rake  dip 
     310.59           75.28          ‐3.76              134 +‐15              71 +‐15          24 +‐13 
   














































Figure 4.4 Waveforms for the 2.3 Mw earthquake showing predicted (red) overlay on observed 
(black) velocity seismograms. The temporary deployed station name on top and the L2-norm 




































Figure 4.5. Predicted (red) and observed (black) of 2.3 Mw velocity seismograms. The temporary 
broadband station name on the top and the misfit number between the seismograms indicated on 














Figure 4.6. Focal mechanisms of 2.3 Mw event. The top beach ball is calculated by moment 





The main shock (5.4 Mw) observed and predicted waveforms are 
displayed on figure 4.7 and figure 4.8. P-waves have good fit on vertical 
components and s-waves have good fit on transverse components. Compared to 
the 2.3 Mw, the 5.4Mw earthquake has clear p- and s-waves because the signal 
is much larger than the noise; p- and s- phase amplitude is high enough to 
dominate the other phases on the seismogram.  More stations are used for the 
larger magnitude earthquakes because farther stations recorded better signals 
than the small earthquakes.   
Figure 4.9 shows the focal mechanism obtained from the moment tensor 
solution, the focal mechanism calculated by FOCMEC and Herrmann et al., 2008 
focal mechanism for the main shock. The focal orientation of the inversion in this 
study and Bob Herrmann deviated from FOCMEC by strike ~17˚/ ~8˚,rake  ~0˚ / 
~23˚ and dip ~10˚ /~11˚; all are strike-slip faults with the same sense of motion. 
The FOCMEC has many solutions, so that one of the solutions can be close the 
inversion focal mechanisms. And again the first motions are consistent with 
inversion result. 
 
TABLE 3.  The Focal mechanism of moment tensor inversion and FOCMEC for 
5.4 Mw 
 Moment Tensor Inversion   FOCMEC     Herrmann Moment Tensor   































































Figure 4.7. 5.4 Mw of predicted (red) overlay on observed (black) velocity seismograms. The 
permanent broadband station name on the top and the misfit number at the right side indicated 

































































Figure 4.8 Predicted (red) and observed (black) of 5.4 Mw velocity seismograms. The temporary 


















Figure 4.9. Focal mechanisms of the main shock. The top beach ball is calculated by moment 
tensor inversion of this study, the middle beach ball is calculated from FOCMEC and the bottom 




Table 4 contains locations, depths and earthquake magnitudes of all 
events. It includes the magnitudes of the events (colored in black) that are 
determined from duration magnitude at each station that is found in the New 
Madrid earthquake catalog and five events (colored in Green) from the 
moment solution of St. Louis University, which is available in their webpage 
(http://www.eas.slu.edu/Earthquake_Center/MECH.NA/index.html). Moreover, the 
table contains the moment magnitudes of the moment tensor inversion 
calculated in this study from three data types. The difference in the four-
earthquake magnitudes for each event is small. However, each event 
magnitude calculated from the temporary broadband seismograms is lower 
than the magnitude determined using permanent broadband seismograms. 
Events recorded by permanent strong motion stations have not yielded 
results as satisfactory as other cases. The reason only three events 
recorded by strong motions seismograms appear as examples is to show 









TABLE 4.  Locations and source parameters of selected Mt. Carmel earthquake 
                                                                                                                                                                                 .          





























Table 5 below shows fault orientations. The uncertainty in the focal 
mechanisms is difficult to quantify in an absolute sense, however, most focal 
mechanisms obtained in this study show predominantly strike-slip motion on 
faults, similar to those obtained by other, independent estimates.  
 
TABLE 5.  Fault orientation of selected Mt. Carmel earthquakes 
 No*.                    Mag (PBB )                       Mag  (TBB )                        Mag (PS )    
                 Strike(0)    dip(0)            slip(0)                      Strike(0)      dip(0)       slip(0)                        Strike(0)     dip(0)          slip(0) 
 01)  320.13   62.10    21.15      —  —  —    12.19   54.46   134.25 
219.86   71.40   150.42     —  —  —    133.01   54.34   45.67 
02)  232.68   51.38   184.97      —  —  —    297.64   67.77   ‐9.67 
139.57   86.12   ‐38.73     —  —  —    31.33   81.05   202.52 
03)   236.09   53.28   165.56      —  —  —    —   —   — 
334.84   78.47    37.60     —  —  —    —   —   — 
04)  141.42   88.72   ‐27.82      —  —  —    131.21   69.78   9.45 
232.09   62.19   181.45     —  —  —    37.92   81.14   159.52 
05)  145.01   82.83   ‐72.85      36.57   74.15   192.49    —   —   — 
257.04   18.55   203.11     303.11  78  ‐16.22    —   —   — 
06)  326.47   87.33     5.42      310.59   75.28   ‐3.76    —   —   — 
236.22   84.59   177.32     41.54  86.36  194.76    —   —   — 
07)  221.20   87.29   183.59      —   —   —    —   —   — 
131.03   86.42    ‐2.71     —   —   —    —   —   — 
08)  306.99   85.52     5.37     204.81   77.59  156.08    —   —   — 
216.57   84.6  5 17      300.25  66.67  13.54    —   —   — 
09)  302.54   87.79    30.01      287.39  66.23  ‐4.41    —   —   — 





TABLE 5.  Fault orientation of selected Mt. Carmel earthquakes (continued) 
 No*.                    Mag (PBB )                       Mag  (TBB )                        Mag (PS )    
                 Strike(0)     dip(0)           slip(0)                      Strike(0)      dip(0)       slip(0)                  Strike(0)         dip(0)       slip(0) 
10)  224.61   45.25   176.46      —  —  —    —   —   — 
317.10   87.49    44.80     —  —  —    —   —   — 
11)  304.66   84.05     4.48      305.62  58.52  12.73    —   —   — 
  214.19   85.55   174.03     208.88  79.17  147.88    —   —   — 
12)  314.89   89.79     9.40      41.59  76.75  201.70    —   —   — 
224.86   80.60   179.79     306.38  68.91  ‐14.22    —   —   — 
13)  321.25   89.25     8.28      314.72  56.87  8.71    —   —   — 
231.14   81.72   179.24     219.94  82.71  146.57    —   —   — 
14)  211.04   49.82   178.40      135.68  75.39  ‐23.22    —   —   — 
302.08   88.78    40.19     231.86  67.57  195.83    —   —   — 
15)  227.78   60.50   187.96      293.68  71.20  0.56    —   —   — 
133.84   83.07   ‐29.74     203.50  89.47  161.20    —   —   — 
16)  230.37   51.22   191.93      291.13  67.65  ‐11.61    —   —   — 
132.83   80.72   ‐39.39     25.59  79.27  202.77    —   —   — 
17)  229.88   54.86   179.35      —  —  —    —   —   — 
320.26   89.47    35.14     —  —  —    —   —   — 
18)  178.40   89.31   200.79      —  —  —    —   —   — 
88.14    69.21    ‐0.74     —  —  —    —   —   — 
19)  232.76   61.42   186.69      —  —  —    —   —   — 








 Moment tensor inversion is easier and more reliable when an observed 
seismogram has a good signal to noise ratio. Performing moment tensor 
inversion using synthetic seismograms in the presence of realistic noise levels 
helps us understand the limits of the observed data. Since synthetic 
seismograms are derived from the Green’s function, there is no p- / s- wave 
alignment problem between the Green’s function and the synthetic seismogram.  
For real data, the nonalignment between the Green’s function and the observed 
seismogram is a major problem. The nonalignment is minimized during 
seismogram preparation, using a time shift. Even if the Green’s functions are 
computed at exactly the same distance as the observed seismograms, the 
velocity model used in the predictions may not be perfect. Therefore, noise and 
alignment problems can cause the misfit between observed and predicted 










Discussions and Conclusion 
 The New NMSZ earthquake catalog provides duration magnitudes for Mt. 
Carmel aftershocks. For this study these magnitudes are taken as a reference. 
As figure 5.1 shows, for small earthquakes there is a linear relationship between 
the duration magnitude (Md) and moment magnitude (Mw) determined in this 
study. The linear equation Md=1.32Mw-0.961 can be used to convert moment 
magnitudes to duration magnitudes. Also Ristau, et al. (2003) suggested for 
regional studies it is necessary to calibrate local magnitude ML so that it gives 
values that are consistent with moment magnitude (Mw). For larger events there 
is a similarity between the earthquake magnitude of this study and the magnitude 




































Linear fit  
Md = 1.32 Mw - 0.961
Magnitude 
norm of residual = 0.4
 
Figure 5.1 linear relationships between Duration magnitude and Moment magnitude. The red line 
is the least square fit. 
 
Nineteen focal mechanisms solutions computed in this study are displayed 
in figure 5.2. This figure includes 18 Mt. Carmel aftershock locations and the 
main shock. The moment magnitude calculated in this study is located on top of 
each beach ball. All focal mechanisms show strike-slip faulting which is 
consistent with a near real-time moment tensor solution of Herrmann et al.( 2008) 
and earthquake studies of Yang et al. (2009) and Horton et al. (2008).  
 
  46 
The Wabash Valley Fault System (WVFS) is the dominant feature in the 
Wabash Valley Seismic Zone (WVSZ), which is oriented NE and NNE direction 
(figure 2.1). The April 18, 2008 Mt. Carmel, IL earthquake occurred in the 
northern part of WVFS. The main shock focal mechanism has a NE trending 
nodal plane consistent with the orientation of these faults. However, Yang et al. 
(2009) and Horton et al. (2008) find a linear trend in the aftershock locations in 
the northwest- southeast direction. This indicates the NW nodal plane is actually 
the rupture plane.   
 
























Figure 5.2 Map of focal mechanisms (beach balls) and earthquake locations (red). The yellow 




  In previous studies, moment tensor inversions have been calculated for 
large earthquakes (mostly above 3 Mw). For smaller earthquakes the signal-to-
noise ratio becomes too low to do such an inversion (Liu et al, 2004). The core of 
this study is to use the signal that is above the noise at the intermediate period 
for moment tensor inversion. A narrow frequency band (1.0 to 0.9 Hz) is used for 
small earthquake magnitudes (2.3 Mw). However, for large events (example 5.4 
Mw) the frequency band (0.02 to 0.1 Hz) can be used.  
 The Mt. Carmel earthquake sequence was recorded by seismic stations 
over a large range of distances. The permanent broadband stations gave 
abundant results. For earthquake magnitude above 4.6 Mw stations at distances 
up to ~385 km were useful in the inversion. For smaller earthquakes, the farthest 
useful distance is ~141 km. Temporary stations deployed within ~20 km also 
provided good results for smaller events. But strong motion data was only useful 
for the large events. 
Aligning the Green’s function and the real seismogram of p-phase of the 
vertical component and s-phase of the horizontal components is a critical step. 
We aligned the Green’s functions and observations manually by displaying the 
seismogram and the corresponding component of the Green’s functions; 
measuring the phase arrival-time difference, and shifting the seismogram to align 
with the Green’s function. This step is very time consuming and an automated 
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1.         5.00000     2.90        2.50000          200.  100.  
9.         6.10000     3.52        2.70000          500.  250.  
10.        6.40000     3.70        2.90000          500.  250.  
20.             6.70000     3.87        3.00000          500.  250.  
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